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We demonstrate 8.5 dB thermal squeezing of a membrane oscillator using the dynamical backaction effect
and electrostatic feedback in an optomechanical membrane-in-the-middle setup. We show that strong squeezing
can be obtained even in the far detuning regime of a sideband-resolved system. By using the dielectrophoretic
force of a metallic needle kept in close proximity to the membrane, we implement the one-quadrature active
feedback scheme to prevent the divergence of the amplified quadrature and surpass the 3 dB limit of mechanical
squeezing. We also discuss different regions of the sideband spectrum where strong squeezing can be obtained.
Although the demonstration here is classical, this technique is equally applicable to prepare the mechanical
oscillator in a quantum squeezed state.
Methods to prepare a mechanical oscillator in a squeezed
state [1] are important to enhance the read-out sensitivity and
to reduce the measurement backaction in the quadrature of in-
terest. We discuss here quadrature-squeezed states where the
noise in the sinωt and cosωt quadratures are not equal, in
contrast to coherent and thermal states. Several methods have
been proposed to generate squeezed mechanical states both in
the classical [1, 2] and the quantum regime [3–7]. In the quan-
tum regime, quantum backaction evading measurements have
demonstrated noise reduction close to the zero-point motion
[8] and even beyond [9–13].
Classical squeezed mechanical states, or thermally
squeezed states have been generated in opto or electro me-
chanical systems by applying a parametric force [1, 14–18],
by optically modulating the spring constant [19], by fast
switching between two trapped frequencies [20] and by quan-
tum non-demolition measurements [21]. Further, it is also
possible to generate squeezed states involving a quadrature of
two different mechanical oscillators [22–25].
The thermal excitation of a mechanical oscillator leads to
a Gaussian noise distribution, where the noise amplitudes in
both quadratures are equal. Parametric modulation of the
spring constant at twice the mechanical frequency breaks this
degeneracy of the two quadratures [1]. The thermal noise
in the quadrature which is in-phase with this modulation in-
creases while the thermal noise in the orthogonal out-of-
phase quadrature decreases. When the noise amplitude in
one quadrature is reduced by a factor of 3 dB, the orthogo-
nal one becomes infinitely large. Above the 3 dB limit, the
system behavior becomes chaotic due to the parametric in-
stability in the diverging quadrature [14]. Fortunately, it is
possible to prevent the divergence and the parametric instabil-
ity and enable squeezing of the orthogonal quadrature beyond
the 3 dB limit. Experiments performed to surpass this limit
include active feedback on the diverging quadrature [15, 18],
real time squeezing phase adjustment [17], detuned pump [16]
and reservoir engineering [13].
The radiation force acting on a mechanical oscillator in an
optomechanical system has the important property that its re-
sponse to a change in the oscillator position is delayed by
approximately the cavity decay time. This delay modifies
the damping and the frequency of the mechanical oscillator
as a function of the laser detuning and is called the dynami-
cal backaction effect [26]. In a sideband unresolved system
where the mechanical frequency Ωm is smaller than the cav-
ity decay rate κ, the dynamical backaction is significant only
if the laser is near-resonance with the optical cavity mode.
To our knowledge, this is the only regime of the sideband
spectrum in which optomechanical squeezing beyond 3 dB
has been demonstrated [19]. On the other hand, in the side-
band resolved regime (Ωm > κ), side-band cooling can be
used to cool the mechanical oscillator to its quantum ground
state [27]. Also, using a far-detuned laser is important in ex-
periments where one wants to perform a squeezing operation
on an arbitrary initial state without any additional heating or
cooling effects.
Here, we show optomechanical squeezing for a well
sideband-resolved optomechanical system with Ωm/κ ≈ 9,
where the dynamical backaction is efficient even in the far de-
tuned regime. We obtain 8.5 dB mechanical squeezing using
the dynamical backaction effect at 1.43×Ωm laser detuning.
This strong squeezing despite large detuning is also facilitated
by using a mechanical oscillator with a reasonably high Q fac-
tor of 3× 105 at room temperature that enables higher spring
constant modulation [15] and consequently more squeezing.
We first present our membrane-in-the-middle setup and dis-
cuss parametric squeezing for different laser detunings. Then
we show 3 dB squeezing accompanied by the parametric in-
stability in one quadrature. Finally, we demonstrate how to
surpass the 3 dB limit by applying feedback onto the diverg-
ing quadrature of the mechanical oscillator.
Experimental Setup: Our optomechanical system consists
of a 98 mm Fabry-Perot cavity operating at 1064 nm. High
quality thin film mirrors consisting of alternating Ta2O5/SiO2
layers are mounted at the end of a 98 mm Invar spacer tube
similar to [28]. The radius of curvature of the mirrors is 5
cm which gives strong near-critical focusing at the center of
the cavity. The setup is placed inside a vacuum chamber at a
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FIG. 1. Experimental membrane-in-the-middle setup. The probe
laser is locked to the optical cavity resonance frequency with the
Pound-Drever-Hall (PDH) technique and used to record the motion
of the membrane, the pump laser applies the parametric force, and the
needle generates the parametric electrophoretic force. EOM: elec-
tro optical modulator, OI: optical isolator, PID: proportional-integral
differential feedback controller, PBS: polarizing beam splitter, CCD:
charge coupled device.
pressure of 10−6 mbar.
The mechanical oscillator used in this scheme is a high
stress 50 nm silicon nitride semi-transparent membrane man-
ufactured by NORCADA-Inc. The fundamental mode has
a resonance frequency Ωm/2pi ≈ 385 kHz, effective mass
meff ≈ 33 ng and a Q factor of 3 × 105 at room tempera-
ture. The membrane is placed in the middle of the cavity, and
its tilt and axial position are controlled using 3 piezo motors.
The axial position of the membrane with respect to the stand-
ing wave pattern inside the cavity is chosen to give large first
order single photon optomechanical coupling g0 [29]. We ob-
tain an optical finesse of the fundamental (Gaussian) cavity
mode of 33000, and a membrane coupling of g0/2pi = 3 Hz
from calculating the derivative of the dispersion curve.
The optical setup is shown in Fig. 1. We use two lasers:
The probe laser (≈ 10 µW) is used for sensitive readout of
the motion of the membrane. We use the Pound-Drever-Hall
(PDH) method [30] to lock the laser to the cavity. The PDH
error signal is demodulated at the mechanical frequency and
is used to observe the real time phase space trajectory of the
fundamental mechanical mode: x(t) = X1(t) sin(Ωmt) +
X2(t) cos(Ωmt). A second more powerful (≈ 400 µW) pump
laser is used to impart radiation force onto the membrane.
This laser is locked to the probe laser with an optical phase
locked loop and a 2 FSR offset to avoid any unwanted inter-
ference. Using an offset of 2 FSR is advantageous over 1 FSR
because unavoidable nm-scale drifts of the membrane position
lead (ideally) to no changes in the frequency spacing of cav-
ity resonances separated by 2 FSR. [28]. The other means to
influence the motion of the membrane is the dielectrophoretic
force of a metal needle situated near the membrane [31]. The
needle is far enough from the centre of the membrane that it
does not interfere with the optical beam but is close enough to
create a large electric field gradient.
FIG. 2. Measurement of the effective damping Γeff (red) and me-
chanical frequency shift δΩm (blue) depending on the pump laser
detuning from the cavity resonance (at ∆ = 0). Region I, II and
III show potential regions to perform spring constant modulation by
frequency-modulation of the laser. The solid lines represent theoret-
ical fits to the experimental data.
We follow the analysis given in [15] for parametric driving,
taking into account the additional optical damping Γopt. The
equation for a squeezed thermo-mechanical oscillator is given
by
x¨+ Γeffx˙+ Ω
2
m
[
1− 2g
Q′
sin(2Ωmt+ φ)
]
x = Fth(t). (1)
Here Γeff = Γm + Γopt is the effective damping, Q′ =
Ωm/Γeff is the effective Q factor, Fth(t) is the thermal
Langevin force which is responsible for the Brownian motion
and g is the gain parameter of the spring constant modulation.
Since this modulation is exactly at twice the mechanical fre-
quency, the two quadratures experience different forces. The
one which is in phase with this modulation is amplified in
variance and the orthogonal one is squeezed. For φ = 0, the
variance of each quadrature, X1 and X2, is given by
〈X21 〉 =
kBTeff
meffΩ2m
1
(1− g) , 〈X
2
2 〉 =
kBTeff
meffΩ2m
1
(1 + g)
. (2)
Here kB is the Boltzmann constant and Teff is the effective
temperature of the fundamental mode which takes into ac-
count the optical damping. Changing the modulation phase
by φ changes the squeezing direction by φ/2 [17]. We change
this offset to align the squeezing axis with the X2 quadrature.
Fig. 2 shows the measurement of the effective damping Γeff
and the mechanical frequency shift δΩm as a function of pump
laser detuning ∆. We place a laser beam in the shaded region
III which is 1.43 × Ωm detuned on the red side and perform
frequency modulation. The non-zero slope of the frequency
shift curve leads to modulation of the spring constant. We
note that the frequency spectrum of our membrane is slightly
anharmonic and the higher order modes deviate slightly from
their expected values by few hundreds of Hertz, such that the
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FIG. 3. (a) Phase space trajectory of the mechanical oscillator with
an effective temperature Teff = 120 K. (b) Squeezed trajectory with
gain parameter g = 0.96 after aligning the squeezing direction with
X2 quadrature. (c) Bistability in the X1 quadrature and squeezed
distribution in the X2 quadrature for g > 1 as a function of time (c)
and in phase space (d).
frequency of the (2,2) mode is not exactly twice that of the
(1,1) mode. This deviation works in our favor because driving
the membrane at twice the mechanical frequency of the (1,1)
mode does not excite the (2,2) mode. The feedback band-
width of the optical phase locked loop is much smaller than
Ωm and hence the frequency modulation at 2Ωm does not af-
fect the optical phase locked loop. In the shaded region, the
change in frequency shift is 2.7 times higher than the change
in effective damping and we treat the effective damping as a
constant to simplify the analysis. This approximation is not
valid, for example, near the red sideband where the effective
damping is highly nonlinear and completely overwhelms the
frequency shift. In this case, one also needs to consider the
modulation of the effective damping in Eq. 1 which leads to
cross coupling between the two quadratures and the variances
in the two quadratures cannot be written in a decoupled way
as in Eq. 2.
Fig. 2 also shows other regions of the sideband spectrum
where the derivative of the frequency shift curve δΩm is
higher than that of the effective damping Γeff and where strong
squeezing can be obtained. For instance, the study in [19]
operates in region I close to zero detuning. Our sideband re-
solved system is unstable in this region because the mechani-
cal oscillator gets driven as soon as the pump beam is slightly
detuned on the blue side, making this region impractical to
use. Additionally, region I and II have a larger second order
derivative of the frequency shift and effective damping curves
making the spring constant modulation in Eq. 1 ‘non-linear’.
We select region III to maximally decouple optical damping
from squeezing.
Figure 3(a) shows the phase space thermal distribution of
the resonator for the case when the pump laser is at ∆ =
1.43 × Ωm on the red side (in region III). The resulting op-
tical damping leads to an effective temperature Teff = 120 K.
The data is recorded for 5 seconds with a demodulation band-
width of 138 Hz. The distribution is Gaussian in both quadra-
tures with equal variances. Applying 2Ωm frequency modu-
lation to the laser leads to a squeezed distribution as shown
in Fig. 3(b). Increasing the gain parameter g slightly above 1
leads to the parametric instability whereby the thermal distri-
bution gets shifted from the origin. The amplified X1 quadra-
ture shows bistability because the equation of motion is invari-
ant under a pi phase shift [14] while the distribution in X2 is
still squeezed. Fig. 3(c), (d) show this behavior as a function
of time and in phase space respectively.
Parametric feedback: The 3 dB limit imposed by the para-
metric squeezing is not a fundamental limit and can be sur-
passed by preventing the divergence of the amplified quadra-
ture. We use the one-quadrature active feedback technique
[15] to sense the motion in the amplified quadrature and apply
a force to counteract that motion. For this purpose, we use a
sharp tip metal needle close to the membrane to generate a di-
electrophoretic force. The feedback force added to Eq. 1 and
the modified variances in the two quadrature are now given by
Ffb(t) = −hΩ
2
m
Q′
X1(t) cos(Ωmt), (3)
〈X21 〉 =
kBTeff
meffΩ2m
1
(1− g + h) , 〈X
2
2 〉 =
kBTeff
meffΩ2m
1
(1 + g)
,
(4)
where h is the dimensionless feedback parameter. The feed-
back circuit is shown in the dashed box in Fig. 1. We mix
the selected quadrature (X1 here), modified by appropriate
PID parameters, with cos Ωmt and send it to the needle. The
squeezing gain parameter g of X1 quadrature is shifted by h
while the orthogonal quadrature X2 remains independent and
can now be squeezed beyond 3 dB because the X1 quadrature
does not diverge for g → 1.
Figure 4 shows the quadrature variances for different
strengths of active feedback. We normalize the variances with
respect to the thermal distribution when the pump beam is
1.43×Ωm detuned on the red side. This far detuning ensures
minimal sideband cooling of the initial state and allows us to
perform a squeezing operation largely independent of side-
band cooling. The shaded area shows the allowed parame-
ter space without any active feedback. Increasing the feed-
back parameter to h = 2.9 shifts the diverging curve (red di-
amonds) to the right and a maximum of 7.03 dB squeezing
is obtained. For h = 21.5, a lower pump power was used
which resulted in an effective temperature of 182 K. A max-
imum squeezing of 8.5 dB is obtained in this case. At large
gain parameter g, the variance in X1 diverges from the theo-
retical fit; we suspect that we reach the non-linear region of
the frequency shift and the effective damping curves outside
of the region III in Fig. 2. Additionally, there could be a slight
4FIG. 4. Normalized variances in X1 and X2 quadratures as a func-
tion of the gain parameter g. The shaded area highlights the allowed
parameter space without any feedback. Diamonds: h = 0, circles:
h = 2.9 and a maximum of 7.03 dB squeezing, squares: h = 21.5
and a maximum of 8.5 dB squeezing. Teff is 120 K for h = 0 & 2.9
respectively and 182 K for h = 21.5. Solid lines represent theoreti-
cal fits based on Eq. 4.
mismatch between the feedback direction and the diverging
quadrature [18].
Discussion: In this study, we have shown that strong ther-
mally squeezed states can be obtained using the dynamical
backaction effect even in the far detuned regime. We have im-
plemented a simple electrical feedback scheme to surpass the
3 dB limit and confine the motion of the mechanical oscillator
in a strongly squeezed state. By selecting the far detuned re-
gion, we are able to minimize optomechanical cooling so that
our squeezing operation can be performed on an arbitrary ini-
tial state. This method is effective to perform many quantum
experiments with squeezed states such as transfer between
different mechanical oscillators [32], electro-optomechanical
transduction [33], possible studies of decoherence in macro-
scopic objects [34, 35] and the enhancement of quantum syn-
chronization [36]. Having a resolved sideband system has
the advantage that there are several regions of the sideband
spectrum where strong spring constant modulation can be ob-
tained. However, the optical readout of the mechanical motion
is also delayed due to the high finesse cavity, which limits the
amount of feedback cooling one can get in one quadrature.
To sum up, there are three factors that are currently limiting
the amount of squeezing: the strength of the one- quadrature
active feedback, the strength of the spring constant modula-
tion and the quality factor of the mechanical oscillator. The
second issue can in principle be solved by using two driving
tones, one on the red sideband and the other on the blue
sideband and frequency modulating both of them at twice
the mechanical frequency. In this way the damping cancels
out whereas the frequency shifts due to the two tones add up
giving a large spring constant modulation. This method can
also be used in the reversed dissipation regime [37], where the
role of the mechanical oscillator and the optical oscillator are
interchanged, to obtain strong squeezed light. Lastly, by using
membranes with exceptionally high quality factor such as in
[38], combined with our sideband resolved optical cavities,
it should be possible to prepare the mechanical resonator
in a truly quantum squeezed state. During preparation of
this manuscript, the key requirement of optical cooling of a
membrane oscillator close to the quantum ground state has
been achieved [39] by using optical feedback with a Q = 109
soft-clamped membrane in a cryostat with a base temperature
of T ∼ 10 K.
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